Many fungal pathogens penetrate plant leaves from a specialized cell called an appressorium. The rice blast pathogen Magnaporthe gnsea can also penetrate synthetic surfaces such as poly (vinyl chloride). Previous experiments have suggested that penetration requires an elevated appressorial turgor pressure. In the present report we have used nonbiodegradable Mylar membranes, exhibiting a range of surface hardness, to test the proposition that penetration is driven by turgor. Reducing appressorial turgor by osmotic stress inhibited penetration of these membranes. The size of the turgor deficit required to inhibit penetration was a function of the surface hardness. Penetration of the hardest membranes was inhibited by small decreases in appressorial turgor, while penetration of the softer membranes was sensitive only to large decreases in turgor. Similarly, penetration of the host surface was inhibited in a manner comparable to penetration of the hardest Mylar membranes. Indirect measurements of turgor, obtained through osmotically induced collapse of appressoria, indicated that the infection apparatus can generate turgor pressures in excess of 8.0 MPa (80 bars). We conclude that penetration of synthetic membranes, and host epidermal cells, is accomplished by application of the physical force derived from appressorial turgor.
The mechanism of host surface penetration by plant pathogenic fungi has been debated for nearly a century (1) (2) (3) (4) (5) (6) . The potential role of extracellular enzymes, to facilitate perforation of the host cuticle or cell wall during fungal invasion, is poorly understood (with one exception) due to the complex and ill-defined chemical nature of plant surfaces (7) . On the other hand, an essential role for mechanical force during host surface penetration has been proposed for the rice blast fungus Magnaporthe grisea (Hebert) Barr (8) . This pathogen produces unicellular infection structures, called appressoria, which adhere tightly to the host surface and produce slender infection pegs that pierce the underlying cell wall. The cell walls of appressoria contain a dense layer of pentaketidederived melanin whose presence is correlated with a build-up of appressorial turgor pressure (8) and is essential for penetration (8, 9) . In this study, we have inhibited penetration by exposing appressoria to solutions of high osmotic pressure. This approach was used to reduce the hydrostatic pressure (or turgor) within the infection apparatus and to estimate the magnitude of the turgor involved in penetration. Our results offer unequivocal evidence for an extraordinary mechanical component of the mechanism by which appressoria penetrate hard surfaces, but do not exclude a role in host penetration for some other factor such as extracellular enzymes.
MATERIALS AND METHODS
Organism and Growth Conditions. These studies were conducted with strain 042 (see ref. 8 ) of M. grisea (Hebert) Barr, telomorph of Pyricularia grisea Sacc. (10) . The time course of infection-structure development in vitro has been well documented and closely resembles development on the host (11, 12) . When harvested and placed on a surface in distilled water, conidia germinate in 1-3 hr to form germ tubes. By 4 hr appressoria begin to form and are firmly attached to the substratum. By 6-8 hr their structure appears complete. Much later, from 20 to 240 hr depending upon the substrate, a penetration peg emerges from the appressorium and penetrates the underlying surface.
Substrates. We attempted to grow M. grisea on a number of surfaces of different composition by adding droplets of aqueous conidial suspensions, as described previously (8) . Based on an earlier report (1) two different gold substrates were tested: 10-gm-thick gold foil (Engelhard Industries, Carteret, NJ), and cellophane membrane (8) where P is the load and 2a is the hardness impression diagonal. Ceil Wail Pore Measurement. Pore size of the appressorial wall was estimated with a solute exclusion technique (20, 21) . Briefly, appressoria were incubated for 15 min in concentrated solutions of poly(ethylene glycols) (PEGs) of different average molecular weights and were screened for plasmolysis and cytorrhysis (collapse). Plasmolysis occurs only when the solute molecule can diffuse through the pores in the cell wall, whereas cytorrhysis is evidence of exclusion. Therefore, the diameter of the pores in the wall is estimated by the size of the smallest excluded molecules. These measurements were conducted on melanized appressoria and on unmelanized appressoria formed in the presence of tricyclazole (8) .
Measurement of Appressorial Turgor. We tried unsuccessfully to make direct measurements of appressorial turgor with a pressure probe (22, 23) . Indirect measurement by the classical incipient-plasmolysis method could not be applied to the appressoria, because of the restricted permeability of their melanized walls. Instead, estimates ofturgor were obtained by an incipient-cytorrhysis technique. Conidia were placed in water droplets on Mylar membranes, where appressoria developed and adhered to the surface within 6-8 hr. After 18, 26, or 46 hr, the droplets of water were replaced with aqueous solutions ofPEG-8000. Following a 10-min incubation in PEG, the proportion of collapsed, cytorrhyzed appressoria was determined from 100 cells in each concentration of PEG by phase-contrast light microscopy (8) . The external osmotic pressure inducing cytorrhysis of 50% of the cells was used as our estimate of appressorial turgor in pure water. The experiment was repeated once with similar results.
This unconventional method for estimating turgor was verified by an independent approach. Appressoria bathed in solutions of different osmotic pressure (controlled with PEG) were punctured with a micropipet to determine whether they supported positive turgor. Those appressoria from which cytoplasm was expelled after damage to the wall were judged to be pressurized. At higher solute concentrations the appressoria did not burst, but leaked cytoplasm slowly through the broken wall, consistent with a lack of turgor. These cells were stabilized against bursting by the PEG. Plots of percent stabilization against external osmotic pressure yielded estimates ofturgor similar to those from the incipient-cytorrhysis experiments (data not shown).
Penetration of Mylars. Penetration was detected with either light microscopy or scanning EM (8, 11 Inhibition of Penetration. Appressoria were allowed to form in water droplets for 12-18 hr on the surface of Mylar membranes or of detached newly expanded third foliar leaves of rice cultivar M201. The water droplets were then replaced with PEG solutions of varying osmotic pressure. Penetration of the Mylars and rice leaves was assessed after 13 days and 48 hr, respectively.
Solutions of PEG-8000 (Sigma, lot 49F-0383) were prepared by dissolving 2.0-13.0 g in 10.0 ml ofdistilled deionized
water. An average molecular weight of 8410 was determined in tetrahydrofuran at 350C by R. E. Davis (DuPont Polymer Products) and used to calculate molarity (M). The osmotic pressure H of each solution was calculated with the formula H = a(M) + ,3(M2), where a and j3 were derived by interpolation from the values given by Money (24) . RESULTS Selection of Substrates. M. grisea formed appressoria on all surfaces tested except gold foil, gold-coated cellophane, and glass. Teflon was the only surface never penetrated. The Mylar films, however, offered a series of chemically homogeneous surfaces that were easily modified with respect to hardness ( Table 1) . We found a linear correlation between sample density and hardness (y = -2525.32 + 1973.98x, r = 0.96). Thus, surfaces with hardnesses in the range of 140-250 MPa could be tested for mechanical penetration.
Cell Wail Porosity. Nonmelanized and melanized appressorial cell walls were found to differ significantly in porosity. After formation in tricyclazole and a further 17-to 20-hr incubation, 90%o of unmelanized appressoria were plasmolyzed in a concentrated solution of PEG-400; PEG-600 induced 90%o cytorrhysis. Therefore, the exclusion threshold lay between PEG-400 and PEG-600, corresponding to a pore diameter of 1-2 nm (21). Melanized appressoria were not plasmolyzed with any of the polymers tested. Even PEG-200 induced cytorrhysis, indicating that while the walls were freely permeable to water, the pore size was smaller than the diameter of these hydrated molecules (i.e., <1 nm).
Appressorial Turgor. When appressoria were probed with a micropipet tip, the wall ruptured and cytoplasm was expelled violently. In contrast, nonmelanized, tricyclazoletreated appressoria did not burst when impaled with the micropipet. This response of melanized appressoria coupled with their small size (mean diameter = 9.2 + 0.8 jtm, n = 100, measured from differential interference-contrast video images at a magnification of x4600) precluded direct measurement of turgor with a pressure probe. Incipient-cytorrhysis data showed that turgor increased prior to penetration of Mylar membranes (Fig. 1 (Fig. 2) . In addition, we found that the incubation time required for penetration was directly proportional to surface hardness (Fig. 3A) .
Penetration of the hardest surfaces was inhibited by small increases in external osmotic pressure, compared with those required to inhibit penetration of softer Mylars (Fig. 3B) . Only 20 of 100 appressoria could still penetrate the hardest Mylar (sample 6, hardness 250 MPa) after an increase in was replaced with various concentrations of PEG-8000. We found that the harder the Mylar (the higher the sample number), the lower the osmotic pressure required to reduce or-inhibit penetration.
host. However, for our purposes it was necessary to eliminate any possible involvement of chemical modification of a test surface (e.g., by the activity of extraceliular enzymes).
Therefore, we chose model substrates that are thought to be no~nbiodegradabl'e. Additional important requisites for model substrates included uniform integrity, hardness that could be varied without altering chemical composition, and the ability to induce. infectio~n-structure development .by M. grisea.
Since the classic 1895 report by Miyoshi (1), gold foil has been considered by some plant pathologists as a suitable inert surface with which to study the penetration process. We found that gold foils~were very fragile, and thus uniform integrity was always questionable. More important, however, was our finding that the M. grisea strains we tested failed to form appressoria on gold foil or gold-coated cellophane membranes.
Numerous (27) . In addition, and most important, the surface hardness of Mylar can be manipulated and measured easily. Therefore, the series of Mylar films detailed in Table 1 Genetic evidence has shown that melanization is necessary for penetration (8, 9) . We now ascribe this requirement for melanin to its effect upon permeability of appressorium cell wall. 'A previous report (11) showed that during the rise in turgor prior to penetration, cytoplasmic glycogen rosettes virtually disappeared. We suggest t -atthe reduced porosity of the melanized cell wall blocks efflux of some glycogen metabolite, supporting the substantial increase in turgor pressure.
The bursting response of probed cells provided dramatic confirmation that melanized appressoria were highly pressurized structures (8) (29) . If the rice leaf surface is very hard, as suggested above, and if the mechanism of penetration is the same as that for Mylar, our results (Fig. 3A) predict that penetration would require much more than 48 hr. We conclude that the force applied by appressorial turgor is essential for the penetration of both Mylar membranes and rice leaves. In addition, some other process, perhaps enzymatic modification of the substrate, accelerates penetration of the host.
